CD4 T cells recognized posttranslationally modified peptides of the protein hen egg-white lysozyme (HEL), consisting of nitration of tyrosines and modifications of tryptophans in the T cell contact residues of the peptides. T cells were directed against modifications of a chemically dominant HEL peptide as well as a minor HEL peptide, bound to the class II histocompatibility molecule I-A k . The modified peptides were generated in vivo after immunization with native HEL molecules or were generated ex vivo by peroxynitrite treatment of HEL. Moreover, antigen-presenting cells (APC), either macrophages or dendritic cells activated in culture or in vivo, generated the modified HEL epitopes that stimulated the T cells. In transgenic mice expressing HEL, the T cells to the modified epitopes escaped negative selection and were found, albeit fewer in number than in normal mice. Infection with Listeria monocytogenes of the transgenic HEL mice generated APC containing the modifications. T cells to modified epitopes induced by activation of APC may be a component of antimicrobial immunity and autoimmune reactions.
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histocompatability molecules ͉ nitrotyrosine ͉ posttranslational modification P eptides bound to either class I or class II MHC molecules suffer posttranslational modifications of potential importance in the context of inducing unique T cell reactivities. A number of posttranslational changes were identified on peptides isolated from class I MHC proteins (1, 2) , including phosphorylation of tyrosine residues (3). Unique T cell reactivities were ascribed to changes in the peptides bound to class II MHC molecules (reviewed in ref. 4) . These included phosphorylations (5), conversions of asparagine or aspartic acid to isoaspartic acid (6, 7) , glutamine to glutamic acid (8, 9) , nitration of tyrosine (10) , and addition of saccharide residues to a peptide (11) (12) (13) (14) (15) . These results are reminiscent of early ones showing T cell reactions to proteins containing small reactive chemical groups, i.e., with ''haptens,'' first reported by Jones and Leskowitz (16) in delayed sensitivity reactions to arsanilic acid. Their observations were extended by others (17) , including by using dinitrophenyl to derivatize class II molecules on cells (18) . Clearly, T cells are highly discriminatory of large or small changes in the residues to which their receptor [T cell receptor (TCR)] establishes contact. Antibodies directed to posttranslationally modified proteins have also been identified (19, 20) .
Activation of macrophages and dendritic cells (DC) takes place after their interactions with IFN-␥ together with cytokines like TNF or IL-1, or microbial products like LPS from Gram-negative bacteria. The activation includes the production of nitric oxide (NO) and reactive oxygen species with the formation of strong oxidizing molecules such as peroxynitrite (21) (22) (23) or other derivatives (24, 25) . These molecules induce a number of amino acid changes, including nitration of tyrosines (21, 22) and modification of tryptophans (26) . The present study reports that processing of the protein antigen hen egg-white lysozyme (HEL) by activated antigen-presenting cells (APC) results in the presentation of modified peptides containing nitrotyrosines (nTyr) and altered tryptophans by the class II MHC molecule I-A k . The posttranslational changes occur in the lymphoid tissues and alter the repertoire of the specific T cells by eliciting specific CD4 T cells. (28); peritoneal macrophages, obtained from normal mice or from mice 3 days after i.p. injection with 100 g of Con A or infection with 10 6 Listeria monocytogenes (strain EGD); CD11cϩ, CD11bϩ, and CD11cϪ, CD11bϩ cells isolated from spleens by magnetic bead techniques (as in ref . 29); and bone marrow dendritic cells obtained 6-7 days after culture in granulocyte͞macrophage colony-stimulating factor containing medium (as in ref. 30 ). On occasion, the APC were fixed in 1% paraformaldehyde for 10 min. The activation of the T cell hybridomas was measured by IL-2 production after culture with the APC and antigens by standard techniques (27) . Limiting dilution analysis was done on popliteal lymph nodes cells of immunized mice (27) ; growth-positive wells were scored after 7 days of culture in 25 units͞ml recombinant IL-2 and 1 M antigens with 5 ϫ 10 5 irradiated splenocytes. The frequency was determined by using Poisson distribution, and the growth-positive wells were expanded and then tested for specificity with the various antigens.
Materials and Methods
The antigens were unmodified HEL and peptides 48-62 or 20-35 of HEL. The same were also tested, modified by peroxynitrite treatment, 100 mM antigen with 0.25-7.5 mM peroxynitrite. The peroxynitrite was prepared in the Department of Chemistry at Washington University. Several molecular species were identified by mass spectrometry analysis carried out by Michael Gross' laboratory (Department of Chemistry, Washington University), but their identity relative to the biological effect is now being examined. Despite the molecular heterogeneity, biological responses were highly consistent and reproducible. Also used were synthetic peptides containing amino acid changes including nTyr instead of tyrosine. Presented are results representative of at least three different experiments.
An anti-nTyr-specific mouse monoclonal antibody, ANY590, was produced in our laboratory and used to detect nTyr products in smears and cell suspensions of peritoneal macrophages. The antibody was used with the Zenon Mouse Ig Labeling procedure (Molecular Probes). Cell suspensions were examined by flow cytometry by using FACSCalibur, analyzing the data by using CELLQUEST software (BD Pharmingen). Reactive oxygen species were investigated in cell smears by using 2 M dichlorodihydrofluorescein diacetate (C-6827, from Molecular Probes).
Mice and Reagents. B10.BR mice were obtained from The Jackson Laboratory, of either sex, usually 6-12 weeks of age. B10.BR mice containing a membrane form of HEL (mHEL) under the class II E␣ promoter were produced and maintained by our laboratory (27) . HEL was obtained from Sigma and purified to eliminate Ϸ2% contaminant proteins. Synthetic peptides were produced by Fmoc techniques. Aminoguanidine, which inhibits NO production (31), was obtained from Sigma and used at concentrations of 1 mM. The superoxide scavenger manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (32) was obtained from Alexis Biochemical (San Diego), used at 100 M. Recombinants IFN-␥ and IL-1 were obtained from PeproTech (Rocky Hill, NJ) and used at 100 units͞ml; Escherichia coli LPS was from Sigma and used at 1 or 10 g͞ml culture.
Results

Generation of T Cells to Modified
Peptides. HEL is processed by APC into several families of peptides (28, (33) (34) (35) . The major peptide family presented by I-A k molecules is centered on the 52-60 core segment, usually encompassing from residues 48-62 or 63 (33, 36) . It is highly represented in the I-A k molecules after HEL processing, sometimes as high as 10% of the total peptides (37) (48-63, DGST DYGILQINS RWW). The core sequence is in bold, and its main MHC anchor residue is Asp-52, which is P1 (33, 36) . The TCR contact residues are Tyr-52, Leu-56, and Asn-59 (underlined). A tryptophan at residue 62 also serves as a TCR contact to some T cells (38) . There is minor peptide family, expressed at Ϸ1͞200th the amount as those of the 52-60 family, encompassing residues 20-35 (YTGY SLGNWVCAA KFE) (34, 37) . The core segment centers on residues 24-32 are in bold. The main MHC anchor is Asn-27, which is P4; and the main TCR contact residues are Leu-25, Trp-28, and also the Tyr-23, which is P1 (Fig. 1) .
Three issues were examined. First, whether specific T cells could be elicited against the two well characterized peptide families when HEL was modified by an oxidative͞NO reaction, and, if so, the nature of their specificity. Second, whether activated APC presented the modified peptides in both in vivo and ex vivo conditions. Third, whether T cells to the modified peptides could be found in mice after HEL immunization or in HEL-transgenic mice, in which HEL behaves as a self-protein.
[In standard binding assays with baculovirus-purified molecules (28, (33) (34) (35) (36) , all peptides examined here bound to purified I-A k molecules with the same affinity as the unmodified peptide.]
The CD4 T cells were first obtained from B10.BR mice immunized with HEL or the 48-62 peptide treated with peroxynitrite. Seven days later the CD4 T cells were isolated and either cloned or made into T cell hybridomas. Three sets of T cells were found against modified peptides; one set, the most frequent, was reactive with the 48-62 peptide bearing a nTyr at the TCR P2 residue. A second set reacted with modifications of the Trp-62 of the same peptide sequence. A third set was found directed to the 20-35 peptide family centered on a modification of Trp-27.
Figs. 1 and 2 show representative CD4 T cells that recognize the nTyr-53 of the 52-60 peptide family. The T cells were tested with synthetic peptides containing the nTyr or with the regular peptides but treated with peroxynitrite. AJ.S7 recognized neither HEL nor the 48-61 peptide. It recognized HEL treated by peroxynitrite (HELϩPN, Fig. 1 A) and the synthetic 48-61 peptide containing a nTyr-53. An unrelated peptide, from the transferrin receptor, containing nTyr at P1 was not recognized (Fig. 1 legend) .
A T cell similar to AJ.S7 is ''clone H,'' shown in Fig. 2 , tested as a T cell hybridoma in all experiments shown here. Clone H is more sensitive that AJ.S7 and was used most frequently to examine the display of the modified peptide by activated APC. (In Figs. 1-3 , the APC was the C3.F6 line, a B cell-presenting lymphoma cell that does not release NO⅐.)
Most T cells recognized the modified residue plus the other unmodified TCR contact residues, Leu-56 and Asn-59. Note the response of clone H in Fig. 2C ; the peptide 48-62 nTyr-53 having alanine substitutions, instead of leucine and asparagine at residues 56 and 59, respectively, did not stimulate. The position of the modified residue was critical. Peptides where the nTyr was placed in a different position as P5 or P9 did not stimulate. That clone H required the contact with the other two TCR residues is also noted by its lack of reactivity against 20-35 nTyr-23 peptide. The recognition of the nTyr-53 is specific; it did not recognize the iodinated, sulfated or phosphorylated Tyr-53 (Fig. 2B) . Fig. 1 B and C shows the second set of T cells reactive to the 52-60 family, this one recognizing both nTyr-53 and the modifications of the Trp-62. The 2-5 hybridoma recognized only the peroxynitrite-treated HEL, 48-62, 48-63 peptide, and 48-63 Ala-63, but not when the Trp-62 was substituted by alanine ( Fig. 2 shows only the results with 48-63). Fig. 1C shows that the 48-62 peptide with nTyr-53 did not stimulate 2-5 unless changes in the tryptophan were induced by treatment with peroxynitrite. Moreover, a peptide having phenylalanine at 53 treated with peroxynitrite did not stimulate.
We searched extensively for T cells that would react with nTyr independent of the carrier peptide, but with limited success, i.e., for every isolation, T cells were tested against peptides different from the ones used for immunization. In one special trial, T cells induced by peroxynitrite-treated 48-62 were cultured with the same peptide and then developed into hybridomas that were screened on peptides lacking the two TCR contacts, Leu-56 and Asn-59. NO75 is the only T cell of Ͼ300 tested that recognized a nTyr in a different carrier peptide, albeit to a small degree; see the small response to 20-35 nTyr-23 in Fig. 2C . However, NO75 did not recognize nTyr in the context of other carrier peptides. (These results have been repeated several times with hybridomas that were subcloned.) Another interesting feature of this T cell is that it recognized the 48-62 peptide nTyr-53 peptide with Ala substitutions of both TCR contact residues; moreover, the recognition by NO75 was actually markedly improved with a peptide having a single Ala-56 substitution. In brief, T cells that recognize selectively a single peptide modification independent of the carrier are very rare. Fig. 3 shows the results of a representative T cell, 1H5, that reacted with the modified 20-35 peptide family. Modifications could occur at residues Tyr-23, Trp-28, and Cys-30. By examining a number of modified peptides, the tryptophan was identified as the target of the modification. 1H5 recognized the modified Trp-28 but also recognized a nonmodified phenyl ring at P1.
Presentation by Activated APC. Peritoneal macrophages were obtained after in vivo injection of the mice with Con A; this procedure results in a set of macrophages with high levels of class II MHC molecules brought about by the production of IFN-␥ in vivo. The macrophages were reactive by immunofluorescence with a specific nTyr monoclonal antibody, although there was no detectable nitrate released into the medium testing by the Griess reaction (Fig.  4 E and F) . Macrophages were also strongly positive testing with dichlorodihydrofluorescein, indicating reactive oxygen derivatives.
The activated macrophages cultured with HEL immediately after their isolation stimulated nTyr specific T cells, indicating that the modified peptide was generated. Results with clone H are shown in Fig. 4A , which also shows that reactivation of the macrophages by adding IFN-␥ and LPS inhibited the generation of the modified epitope. Such treatment also decreased the amount of class II MHC molecules biosynthetically produced by the macrophages (not shown). Fig. 4B shows that macrophages did not stimulate the T cells if rested for 3 days and then cultured with HEL. The macrophages that had been rested for 3 days had no significant loss of I-A k molecules and presented the 48-62 nTyr-53 peptide to clone H (not shown). However, addition to the 3-day-cultured macrophages of either IFN-␥ or LPS for 24 h together with HEL resulted again in the stimulation of the T cells (Fig. 4B) . Addition of both again resulted in a negative effect. The results indicated a fine balance between the requirements for activation that generated the modified epitopes and the extent or degree of activation. Fig. 4C shows that untreated resident macrophages from mice not given Con A required the addition of IFN-␥ and LPS to generate the modified epitope. The generation of modified HEL epitope for the stimulation of the T cells was inhibited by the addition of aminoguanidine and manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride, both of which inhibited NO and an oxidative burst.
Peritoneal exudate cells from the mHEL transgenic mice stimulated clone H without the need, as expected, of adding HEL to the culture. Cells taken 3 days after Con A injection or infection with L. monocytogenes activated clone H; see, for example, Fig. 4D .
APC were isolated from spleen and separated into two sets: those DC that are CD11cϩ and the spleen macrophages that are CD11bϩ, CD11cϪ. Each was tested in culture with HEL and clone H. The Cd11bϩ presented the modified peptide to clone H, albeit to a small extent and without any need for stimulation (Fig. 5A) . The results with the Cd11cϩ were variable, usually with low levels of stimulation. Whether the cells were stimulated during the manipulations of isolation and culture is a possibility that has not been ruled out. DC generated in culture by granulocyte͞macrophage colony-stimulated factor presented the modified peptide to clone H (Fig. 5 B and C) . We found a basal stimulation that was increased by addition of IFN-␥ and IL-1, but not if LPS was added with the two stimuli. The response was markedly ablated by using the inhibitors.
Fixed macrophages, as expected, did not present the unmodified 48-61 peptide to clone H (Fig. 6) . However, the live macrophages did stimulate, indicating that the activated peritoneal macrophages could also modify the peptide 48-61. The B cell line C3.F6, which did not express NO, did not present the peptide. All three sets presented the 48-61 peptide with a nTyr-53.
Analysis of T Cells from Mice Immunized with Peroxynitrite-Treated
HEL or HEL. B10.BR mice immunized with HEL contained one reactive T cell against unmodified HEL per 4,500 lymph node cells examined by limiting dilution analysis, in accordance with our previous reports (27, 39) (Fig. 7 and Table 1 ). Those immunized with peroxynitrite-treated HEL generated Ϸ10-fold fewer T cells, all specifically to modified HEL, on the average 1 per 63,000 T cells. In agreement with previous studies, immunization of mHEL trans- genic mice, where the HEL is expressed heavily as a membrane protein in APC, resulted in a complete absence of T cells when immunized with HEL (27) . The mHEL transgenic mice did contain T cells reactive to peroxynitrite-treated HEL, but fewer in number than the B10.BR mice, 1 per 280,000 T cells.
In a different manipulation, B10.BR or mHEL transgenic mice were immunized with regular HEL and examined for the generation of T cells to peroxynitrite-treated HEL. Mice were immunized with 10 nmol HEL, and 7 days later, the lymph nodes were isolated, and the cells were stimulated with peroxynitrite-HEL for 3 days and then fused to produce hybridomas. Twenty-one of 226 clones reacted only to the peroxynitrite-treated HEL, i.e., 9.3%. Of these, 12 reacted with the peptide 48-62 and 1 against 20-35, but only when they were peroxynitrite-treated; 8 did not react with the two peptides, and their specificity is unknown. The mHEL transgenic contained 1% positive T cells to peroxynitrite treated [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] (1 of 87 clones tested).
Discussion
These experiments indicate a range of T cells specificities directed to peptides presented by APC undergoing an activated state in which reactive oxygen and nitrogen intermediaries are produced in the cell. The T cells recognized nTyr as well as tryptophan modifications of the MHC-bound peptide, the nature of which has yet to be determined. Thus a nitration and oxidative burst results in epitopes that adds to the T cell repertoire to a given protein antigen.
We speculate that the response to pathogenic microorganisms should contain T cells to modified epitopes. Their relative contribution to antimicrobial immunity is now being evaluated. Already Table 1 .
the results indicate that the administration of HEL in adjuvant, or the infection of mHEL transgenic mice, generated modified epitopes. Most likely the APC were activated by the lipidmycobacteria in the adjuvant or the Listeria organisms, respectively.
Another important biological context for these results is autoimmunity, as others have speculated, that is, in situations in which the self protein is presented by an activated cell such as in the experiments in mHEL transgenic mice. The three findings relevant to this point are as follows. (i) The transgenic mHEL mice contained T cells to the modified peptides but none to the native peptides (27) . The mHEL expressed a large number of peptide-MHC complex, and negative selection to them was complete (27) . The presence of the T cells to the modified epitopes indicates that autoreactivity could take place to peptide-MHC complexes if the proteins or the peptides are posttranslationally modified. (ii) The mHEL transgenic mice contained a lower number of T cells to the modified epitopes in peripheral lymph nodes compared with normal mice. Whether some of the T cells were centrally thymicdeleted or affected in the periphery was not determined, but it suggests that modifications take place in the APC-bearing mHEL during the life of the mouse. (iii) After infection with L. monocytogenes of transgenic mHEL mice in which HEL is a self protein, the modifications were generated. The results suggest a scenario conducive to autoimmunity; infection generates the neoepitope, to which autoreactive T cells are available.
Our studies indicated that either macrophages or DC modified the peptides. The role of different states of DC or macrophages, or subsets of them (for example, ref. 40) , in generating the modifications will need to be addressed in future experiments. Quite striking was the state of activation and the generation of the modified peptides. Although macrophages had to be activated, as were DC, and inhibitors of nitration were effective, a fine balance between activation and generation of the modified peptide was required. The extent of macrophage activation was of major importance, because a high level resulted in less presentation of the peptide-MHC complex. The induction of peroxynitrite changes a number of cellular proteins, including key critical transcription factors (21, 22, (41) (42) (43) (44) . I-A k molecules of peritoneal macrophages metabolically labeled in the presence of a strong activation signal like IFN-␥ plus LPS treatment, as was done in the experiments indicated in Figs. 1-7, had a much-reduced synthesis of I-A k molecules (our unpublished results). Thus, the presentation of modified peptides involves a critical state of activation, preferably one in which the modifying agent, whether peroxynitrite and͞or other moieties, is limiting.
Concerning the experiments shown in Fig. 4 , previous studies have found that contact with the culture dish of the activated macrophages resulted in the brief production of a number of cytokines, particularly IL-1 (45) . After 24 h, the macrophages returned to a basal state. The response of the macrophage cultured after 3 days, where the presentation was no longer evident, is compatible with a two-component reaction, i.e., production of NO plus an oxidative burst.
The nature of the chemical moiety in the activated APC that induces the changes is not known, although peroxynitrite is a likely component. Certainly the T cells induced by immunizing with peroxynitrite HEL or peptides also reacted with the activated APC. However, products derived from iNOS and myeloperoxidase show nitrating activity (24, 25, 46, 47) . A final point is that modifications are not taking place in a single vesicular compartment; they took place in both HEL, which is processed in a late vesicular compartment, and the 48-62 peptide, processed in a recycling early vesicle (48) . 
